Continental aquatic species richness hotspots are unevenly distributed across the planet. In present-day Europe, only two centers of biodiversity exist (Lake Ohrid on the Balkans and the Caspian Sea). During the Neogene, a wide variety of hotspots developed in a series of long-lived lakes. The mechanisms underlying the presence of richness hotspots in different geological periods have not been properly examined thus far. Based on Miocene to Recent gastropod distributions, we show that the existence and evolution of such hotspots in inland-water systems are tightly linked to the geodynamic history of the European continent. Both past and present hotspots are related to the formation and persistence of long-lived lake systems in geological basins or to isolation of existing inland basins and embayments from the marine realm. The faunal evolution within hotspots highly depends on warm climates and surface area. During the Quaternary icehouse climate and extensive glaciations, limnic biodiversity sustained a severe decline across the continent and most former hotspots disappeared. The Recent gastropod distribution is mainly a geologically young pattern formed after the Last Glacial Maximum (19 ky) and subsequent formation of postglacial lakes. The major hotspots today are related to long-lived lakes in preglacially formed, permanently subsiding geological basins.
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biogeography | hotspot evolution | freshwater gastropods | Cenozoic | species-area relationship T he term "hotspot" is variably defined in the literature. Hotspots may characterize regions with particularly high species richness, high levels of endemism, high numbers of rare or threatened species, or refer to the intensity of threat (1, 2) . In this paper, we specifically deal with species richness hotspots and their evolution over geological time. Species richness patterns and changes therein have been tightly linked to climatic processes (2) (3) (4) (5) . In some cases, however, climate may only be a secondary or indirect cause for varying species richness (6) . Regional climate conditions can be strongly influenced by tectonic processes causing closing or opening of seaways or orogenesis (7, 8) . Such configurations determine oceanic and atmospheric circulation dynamics and, hence, climatic dynamics (9, 10) . A good example is the triggering of the Indian monsoon at the beginning of the Neogene by the collision of the Indian subcontinent with Eurasia and the uplift of the Himalaya (11) . Today, half of the world's human population is affected by this particular climate regime that was initiated more than 20 Mya (11).
Paleogeographic settings may affect faunal distributions indirectly (through climate), but also directly. The initiation and cessation of continental basins, along with the related development and persistence of freshwater and brackish environments, controls the possibilities for dispersal and evolutionary radiations for nonmarine biota. Lacustrine basins that are tectonically and ecologically stable on geological time scales provide opportunities for settlement and diversification (12, 13) . In various cases biodiversity maxima might be related to a basin's geographic position, whereas climatic and physiographic parameters may influence the species richness and composition.
Diversification patterns have been linked to tectonic evolution for various settings (14) (15) (16) (17) ), yet such a relation has not been established for inland aquatic biota. Freshwater and brackish biota are ideal research objects because they have limited possibilities for dispersal (18) and must therefore overcome environmental pressure in their habitats. In particular, species originating from intralacustrine radiations in long-lived lakes rarely colonize other lakes (12, 19) .
We analyzed the distributions of Miocene to Recent European nonmarine gastropods to identify the dynamics and drivers of species richness hotspots through time. We tested for correlations of species richness trends, large-scale faunal turnovers, and biodiversity maxima to climatic and to physiographic parameters, as well as geodynamic setting. The specific aim of this paper is to unravel the evolution and history of the modern distributions.
Shifting Hotspots Through Time
As measures of diversity we chose a number of proxies: (i) the total number of species per million years as a proxy for the overall trend, (ii) the maximum number of species per environment as an indicator for individual systems, (iii) the mean number of species of all environments per million years as a measure of the average trend, and (iv) origination, extinction, turnover rates and Whittaker's β diversity (4) between million year bins to estimate the degree of faunal changes. The rise and demise of richness hotspots is shown in Figs. 1 and 2 . In general, the total number of species increases constantly over time (linear correlation between million year bin and number of species: r = 0.866, P < 0.001). This trend is occasionally interrupted by marked breakdowns, e.g., in the Middle Miocene and Pleistocene (Fig. 2) . A similar picture is presented by the maximum number of species
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To our knowledge, this study is the first investigation of the evolution of species richness hotspots in continental aquatic systems. We demonstrate the development of European richness hotspots over the last 23 My based on a comprehensive dataset combining recent and fossil occurrences of gastropod species. We show that changes in species richness patterns can be related to geodynamic and climatic processes. The addition of tectonics, geological time, and spatial scales to ecology and climate is essential for understanding hotspot development in general. These insights also provide a foundation to explain the modern, uneven distribution of species richness as a whole. The pattern for Recent European faunas is a geologically young phenomenon, triggered by the ice sheet retreat after the Last Glacial Maximum. per environment, which peaked in the Late Miocene to Pliocene and declined toward the Pleistocene. Marked episodes of faunal turnover occurred during the Middle Miocene (15 Ma), the Late Miocene (9 Ma), the Early Pliocene (5 Ma), and the Late Pliocene (3 Ma). Particularly, the Pliocene events are characterized by extremely high extinction rates.
Preservation and sampling biases constrain the reconstructions of past biodiversity to some extent. As the fossil record of continental aquatic systems is commonly biased toward large, long-lived lakes (13) , which typically hold the most species, the potential bias for detecting biodiversity hotspots is expected to be minor.
Early Miocene. This period is characterized by a relatively low average species richness (Fig. 1) . Three small hotspots of about equal magnitude and geographical extent exist, corresponding to major geological basins present during this interval (Fig. 3) . The westernmost center is within the Aquitaine Basin (20) , which is famous for its rich marine Cenozoic mollusk faunas. Additionally, a rich freshwater to brackish gastropod fauna is recorded from marginal deposits ( Table 1 and Table S1 ). A second hotspot is located in the German Hanau-Wetterau Basin along the Upper Rhine Graben, whose origins date back to the Early Oligocene (21) . Due to partial geographical restriction and cutoff from the North Sea Basin, brackish and freshwater environments developed between the Late Oligocene and the early Middle Miocene (21, 22) . Maximum diversity was reached during the Early Miocene. A third, smaller hotspot existed in the south German North Alpine Foreland Basin and is also a relic of a former sea. With the retreat of the western branch of the Paratethys Sea in the late Early Miocene, small brackish basins formed within the North Alpine Foreland Basin (22, 23) . The Upper Brackish Water Molasse (UBWM) is characterized by a rich, endemic gastropod fauna, whose evolution around 18 Ma boosted β diversity. From this time onward, β diversity remained at a high level of 0.6-0.7. Later diversity fluctuations are minor and largely parallel main turnover events. The overall diversity increase in the earliest Miocene coincides with a trend toward higher temperature and humidity after the comparatively dry and cool Oligocene (24, 25) .
Middle Miocene. Overall species richness in Europe increased toward a maximum at the Middle Miocene Climate Optimum (MCO) (24, 26 ). This peak is followed by the first big Miocene turnover phase with simultaneously increased origination and extinction rates. Turnover is related to the rise and demise of individual lake basins. Many of the characteristic Early Miocene faunas decline, mostly as a result of deteriorating settings in the Aquitaine and Hanau-Wetterau basins. At the same time, a hotspot emerged on the Balkan Peninsula, comprising several freshwater lake basins in Croatia and Bosnia and Herzegovina (Fig. 3 ) that form the Dinaride Lake System (27) . These isolated intramontane lakes formed as a result of the folding of the Dinaride Mountains (27) and accommodated rich and highly endemic mollusk faunas in the early Middle Miocene (13, 28) . Decreasing global (24) and regional (25) temperatures, as well as decreasing regional precipitation (26) around 14 Ma, coincide with a strong decrease of total species richness and individual richness per lake, reflecting the ongoing continentalization of the Dinaride lakes (27) . Afterward, species richness throughout Europe rebounded in a prolonged (5 Ma), gradual rise in the total number of species and in the maximum richness per lake, paralleling increased origination rates. Simultaneous faunal diversifications occurred in the late Middle Miocene Bakony wetlands near Budapest (Hungary), the Paratethyan Soceni wetland fringes (Romania), and the small Lake Steinheim (Germany).
Late Miocene. With the final retreat of the Central Paratethys by the onset of the Late Miocene, all of the previous hotspots disappeared. However, a huge new hotspot developed in Lake Pannon in the Pannonian Basin at that time, hosting large faunal radiations (28) (29) (30) (Fig. 3) . Its individual species richness reached its maximum at 9 Ma, coinciding with the lake's maximum extent and an overall peak in European diversity. That peak is followed by the second major Miocene turnover phase, characterized by elevated extinction rates. From ∼9 Ma onward, the diversity of Lake Pannon declined together with its shrinking size. A small peak at 7 Ma reflects the evolution of faunas in the semienclosed Dacian Basin and adjacent Galati Seaway in southeastern Romania, Moldova, and Ukraine, both of which yielded brackish to marginally freshwater conditions at that time (31) . An additional, smaller hotspot developed in the Bresse-Valence graben system in southeastern France, coinciding with its successive isolation from the Mediterranean during the Late Miocene and the development of brackish to fluvio-lacustrine conditions (32) . In addition, several rich faunas are known from the Iberian Peninsula (e.g., Lake Calatayud-Teruel) (13) . Most of these, however, are poorly studied on the species level and few of these could be included in the present dataset. Their potential status as hotspot requires further taxonomic investigations of the local faunas.
Pliocene. The total number of species reached a temporary maximum, mostly because of the presence of the rich fauna of Lake Dacia (31, 33) . With the isolation of the basin in the Late Dacian/Middle Zanclean, ∼4 Mya, freshwater conditions started to develop (31) , offering suitable conditions for mollusk settlement and evolution. Two biodiversity peaks are present in the Pliocene, followed by major faunal turnovers. The peak at 5 Ma represents the final phase of the Lake Pannon fauna, which is associated with a high extinction rate, and the small but rich Lake Metohia in Kosovo. A second peak at 3 Ma corresponds to the highly diverse fauna of Lake Pannon's successor, Lake Slavonia (28, 29) , and the fauna of the fluvial plains along Rioni Bay in the eastern Black Sea depression, which had brackish conditions at that time (34) (Fig. 3) . This biodiversity peak, corresponding to the mid-Pliocene warm period (35, 36) , is followed by the extinction of more than 300 species, representing the biggest turnover event in the late Cenozoic.
Pleistocene. The successive richness decline early in the Pleistocene coincides with global and regional cooling (24, 35) . The total number of species drops to less than one half of the Pliocene maximum. With the demise of long-lived lakes by the end of the Pliocene, such as Dacia, Slavonia, and Transylvania lakes, the maximum number of species per lake also declines (Fig. 2) . Former mega hotspots vanished and gave way to dispersed small hotspots such as Lake Bresse in France, Lake Tiberino in Italy, and Lake Kos in Greece. Beyond that, several low-diversity centers formed in central Europe, none of which can be attributed to a bigger paleo-lake or an evolving geological basin. The pattern is to some extent biased by the varied availability of outcrops and time-averaging of glacial and interglacial deposits. Preliminary data suggest that the Caspian Sea, today a very large, brackish lake, likely formed a hotspot already during the Pleistocene, but our knowledge on early stage faunas is limited. The picture for the Pleistocene is not well resolved in detail. Nevertheless, the low overall diversity compared with the Pliocene is evident.
Recent. With the onset of the Ice Ages and the associated glaciations of large parts of northern Europe and the Alpine region (37-39), many of the former lakes and their faunas vanished. Most extant lakes and their faunas emerged after the Last Glacial Maximum (20-19 ka BP) (39) . Two areas with high species numbers develop in the Caspian Sea and in a series of lakes in the southern Balkans, i.e., Ohrid, Prespa, Mikri Prespa, Pamvotis, and Trichonis (40) (41) (42) . Their corresponding lake basins were already present before the Pleistocene. Another area of relatively high biodiversity encompasses the Curonian Lagoon, a low-brackish lake close to the Baltic Sea. Contrary to the two other hotspots, this area only contains geologically young lakes (<19 ka). The high diversity is likely related to the lacustrinebrackish development of the Baltic Sea in the Late Pleistocene to earliest Holocene (38) and to the following migrations between surrounding lakes.
What Drives Species Richness Trends and Patterns?
Using different datasets and resolutions (locality based, environment based, and overall richness per million years; Tables S2-S4), we carried out regression analyses to test for relations of species richness with geographic, physiographic, and climatic parameters. Although species richness is known to vary across geographic settings in general, particularly latitude (3, 43, 44) , our data indicate very weak geographic relations throughout all time intervals (Table S5 ). In contrast, species richness trends over time are correlated with climate changes. Linear regressions of richness and δ 18 O as proxy for global temperature yielded highly significant correlations for total number of species (log 10 -transformed, r 2 = 0.514, P < 0.001; with range-through assumption: r 2 = 0.465, P < 0.001), maximum richness per environment (log 10 -transformed, r 2 = 0.245, P = 0.016), number of originations (r 2 = 0.470, P < 0.001), number of extinctions (r 2 = 0.189, P = 0.038), and turnover rate (r 2 = 0.433, P = 0.001) (Tables S2 and S3 and Fig. S1 ). Global cooling and pronounced glaciations, paired with the decline of the Paratethyan long-lived lakes by the end of the Pliocene, dramatically reduced the availability of biotopes for lacustrine gastropods. Throughout the Neogene, continental aquatic species richness maxima in Europe correspond to climate maxima (e.g., MCO and MPWP; Fig. 2) .
Additionally, we performed regression analyses for species richnesses of 30 selected systems to assess potential correlations with latitude, longitude, lake surface area and temporal duration (24); schematic indication of important climatic events (MCO, Middle Miocene Climate Optimum; MPWP, Mid-Pliocene warm period). Horizontal bars denote marked faunal turnover events. Note the logarithmized number of species was used for the first three curves, as otherwise trends of mean species richness per lake would be indiscernible. (Table S4 ). Linear ordinary least-square regressions indicated a statistically significant association only for area (log-log, r 2 = 0.489, P < 0.001; Fig. S2 and Tables S6-S18). A multiple regression including all parameters did not improve the model (SI Materials and Methods and Tables S6-S18). The species-area relationship serves as a common explanatory model for varied numbers of species in geographically restricted environments, such as lakes or islands, and has been confirmed by many theoretical and empirical studies (4, (45) (46) (47) .
Geodynamics as a Primary Driver of Hotspot Development
It is crucial to distinguish between the faunal development of a hotspot and its mere existence. The regression analyses indicate that faunal diversification correlates with climate and surface area, confirming earlier studies (3) (4) (5) (6) . However, the presence of hotspots and their spatial distribution are rarely discussed.
Here, we demonstrate that the shifting presence of species richness hotspots through time is tightly linked to the development of geological basins accommodating long-lived, stable freshwater or brackish environments (Fig. 3) . Particularly large, longlived lakes such as the Late Miocene Lake Pannon or Late Miocene-Pliocene Lake Dacia presented environments that were stable across geological timescales and offered a great variety of habitats. In these and other such systems, intralacustrine speciation gave rise to many hundreds of species over time (40, 41, 48) . This process created diversities far above the average of typical short-lived systems such as most modern lakes. Conversely, not every basin with freshwater habitats offered opportune conditions for settlement and evolution. Thus, the availability of a persisting, stable geological basin providing continual freshwater or brackish environments is a prerequisite for hotspot evolution for aquatic gastropods. Further faunal evolution is mainly controlled by climatic factors and surface area (Fig. S1) . Hence, large-scale biodiversity patterns through time rise and fall with the presence of large lakes. As the regression analyses indicate, species numbers are not directly related to a system's temporal duration per se.
The Cradle of Modern Faunas
The two greatest centers of continental aquatic biodiversity today, the Caspian Sea and Lake Ohrid, both reflect long-lived geological lakes dating back at least into the Pleistocene (42, 49) . The great majority of other lakes comprise low diversities and share similar species compositions. This situation differs greatly from the Miocene and Pliocene distributions, which were characterized by a centralization of biodiversity into few, highly diverse long-lived lakes. Despite the low number of aquatic environments available for past time slices compared with the huge number for the most recent interval, the earlier time slices still preserve comparable levels of biodiversity ( Fig. 2 and Tables S2  and S3 ).
The discrepancy between Miocene-Pliocene and PleistoceneRecent distribution patterns is partly explained by deteriorating climates during the Quaternary. Together with the disappearance of long-lived Paratethyan lakes at the end of the Pliocene, global cooling and large-scale glaciations dramatically reduced the availability of suitable habitats. Ice sheet retreat after the Last Glacial Maximum triggered the formation of thousands of lakes in the successively emerging glacial depressions and valleys. The pattern for the Recent faunas is consequently a very young phenomenon. Although current hotspots are confined to longlived, geologically induced lakes outside the reach of the Pleistocene glacial sheet and permafrost belt, most present distributions reflect immigration events to postglacial lakes after deglaciation starting about 19,000 y BP (39) . The here proposed scheme is certainly not restricted to European continental aquatic systems and not only to the late Cenozoic. The rise and demise of species richness hotspots through time is tightly related to regional tectonic phases.
Materials and Methods
The data are based on an extensive literature research and derive from more than 400 publications on Miocene to Recent continental aquatic gastropod faunas (Dataset S1). Due to preservation issues, the fossil record is slightly biased toward lacustrine systems (13) , which is why we chose to include only lacustrine faunas for Recent times. Only freshwater to brackish environments were considered in this study. This approach yielded a total of 2,785 species-group taxa (species and subspecies) from 5,414 localities. Although the general geographic frame is Europe, we integrated Turkey and marginal territories of Azerbaijan, Georgia, and Kazakhstan into the analysis because biogeographic entities do not adhere to political borders. For the fossil faunas, no data were available for latitudes north of 52°due to erosion of former sediments by the advancing ice sheet during the Pleistocene.
The heat maps were produced in ESRI ArcGIS 10.0 (Fig. 1 ). An equal-area grid of 100-km cell size was created using the Behrmann projection to correct for oversampling of certain areas. The available faunas were separated into six discrete temporal units: Early Miocene (23.03-15.97 Ma), Middle Miocene (15.97-11.62 Ma), Late Miocene (11.62-5.333 Ma), Pliocene (5.333-2.588 Ma), Pleistocene (2.588-0.00117 Ma), and Recent. For each cell containing localities, the number of species was calculated. For each time slice, an ordinary Kriging algorithm (100-km cell size, 200-km interpolation radius) was performed on the grid-specific species richness. The coloration gradient is equal in all maps, defined based on the maximum range of species numbers (Late Miocene). The maps are intended as graphical visualization supporting intuitive recognition of diversity hotspots and should be interpreted carefully, because the interpolation method tends to exaggerate actual richness toward the margins.
For details on taxonomic and stratigraphic treatment, constraints on area and duration data for the lakes and regression analyses, see SI Materials and Methods and Figs. S3 and S4. Table S1 .
